I. INTRODUCTION
In the HAPL direct-drive IFE power plant, an array of 60 driver beams delivers an intense energy pulse directly onto the target. Targets must be injected into the chamber with a placement accuracy of ± 1 mm at a standoff distance of~20 m. The required engagement accuracy of the driver beams is ± 20 mm in 3-dimensions (also at a standoff of ~20 m. ) We have developed a target tracking and engagement concept to meet these requirements and have assembled a tabletop experiment that engages an injected target onthe-fly. 1 This method differs from previous approaches 2 in that it uses continuous tracking along the target's trajectory together with a final steering correction that is made relative to the target itself. The tabletop experiment will demonstrate proof-of-principle at reduced speeds and distances and will establish the concepts' feasibility for a real power plant.
The design is composed of three main systems. 3 First, a laser-based tracking system sights along the target's flight path and uses Poisson spot information to determine the target's transverse position. Second, a timing and triggering system, using discrete crossing sensors, provides the necessary timing to trigger a glint laser and other time-critical components. Finally, a short-pulse laser illuminates the target 1-2 ms before it reaches chamber center, thus using a "glint" from the target itself as the final reference point for aligning the driver beams immediately before firing.
In 2006, all individual elements were tested and the integration and testing stage began. Since our initial engagement accuracy of 150 μm, we have reduced individual component errors and improved the glint return imaging system, which has resulted in improved engagement to less than 50 μm. With all improvements already in place and the vacuum and camera in operation (Section III), we expect to meet our 20 mm accuracy goal. Figure 1 depicts the components of the target tracking and engagement system for our hit-on-the-fly demonstration. Not all components are necessarily needed in an operating power plant, but some devices are useful for diagnostic and characterization purposes for the demonstration. 
II. SYSTEM DESIGN

III. INTEGRATION OF TRACKING COMPONENTS
Numerous tracking and engagement scenarios exist, each calling for different requirements on various subsystems. A trade-off in the requirement for one subsystem places additional stress on another. Two main scenarios are proposed -an "ultra-fast steering mirror" and one that uses pre-steering of the mirror using the Poisson spot system. The ultra-fast steering mirror scenario assumes that the chamber is relatively free of gas and that the target can be positioned accurately to within 1 mm at chamber center. Consistent with these assumptions, the glint system alone must provide the single, final steering signal to the mirrors 1-2 ms before the target reaches chamber center. This places a great deal of stress on the steering mirrors by expecting them to steer and settle in a very short amount of time, which would be very difficult to achieve with current fast steering mirror technology and large mirrors.
Another scenario employs the use of the in-flight position-reporting capability of the Poisson spot system to "pre-steer" the mirror toward the target as it drifts off-axis during its injection. Then, when the glint fires to provide the final steering correction, the magnitude of that steering signal is substantially reduced.
We have pursued both scenarios since the final requirements of a power plant are not yet defined. During experimentation, we have found that pre-steering is helpful and necessary to allow the specific steering mirror we are using to steer and settle within the time allotted. It is with pre-steering that we have achieved our best engagement, as described in Section VI. In either case, a combination of tracking systems will aid in troubleshooting and in initialization of a power plant.
III.A. Transverse Tracking System
The transverse (x,y) tracking system relies on the optical diffraction phenomenon known as the Poisson spot, which is created when a collimated beam overfills a circular obstruction. The intense diffraction spot lies on axis to the target and exists for all points along the beam. By tracking the centroid of the Poisson spot with a highspeed digital camera, the position of the target can be calculated to a high degree of accuracy. 3 The transverse tracking method consists of a collimated, low-power HeNe laser that follows the target along its downward trajectory. A beam diameter of 1 cm ensures the target remains entirely within the beam throughout its flight.
The centroiding algorithm runs on a dedicated realtime operating system to ensure uninterrupted, deterministic computation of the Poisson spot's location every loop. The current loop rate of 4 ms sends the target's location to the host computer with 5-μm accuracy to provide information in the three areas described below to assist in the final target engagement.
III.A.1 Pre-Steering Prediction
The Poisson spot system is firstly used to predict a pre-steering factor to move the mirror from its alignment mode position to a location where the target is projected to arrive at chamber center. In air, the target's trajectory is sometimes curved and it may have a transverse velocity of as much as 5 μm/ms near the end of its flight. Over the 3 cm (6 ms) from the glint location to chamber center, the correction from the glint return could be off as much as 30 μm with a standard deviation of 24 μm. By predicting the target's projected location at chamber center and presteering the mirror ahead of time (~20 ms), the final correction factor from the glint return information and the change in steering is very small. The mirror therefore has ample time to make the final steering correction and to settle before the driver beam fires.
III.A.2 Setting Glint Camera's AOI
The Poisson spot system is secondly used to set a smaller area of interest (AOI) for the glint camera so fewer pixels need to be downloaded and processed for determining the location of the impinging glint return (see also Sec. III.D.2). The time available from the glint to the chamber center is 6 ms. approximately 3 ms to steer and settle, so this dictates that the glint return information be acquired, downloaded, processed, and sent to the mirror in 3 ms. To meet this requirement, it is necessary to reduce the number of pixels captured or else the bandwidth of the camera system would be exceeded. The Poisson spot system therefore tracks the target's position and anticipates where the glint return will impinge upon the camera, with 40 pixels of leeway on either side. The glint camera then only has to work with an 80x80-pixel image, which is 50 times faster to download than the entire sensor.
III.A.3 Correction for Large Wedge Angle
The Poisson spot system is thirdly used to correct for a false steering command due to the large angle (0.21 radian) of the wedged dichroic mirror (Fig. 1 ). This mirror compensates for the offset between the glint position and the chamber center position. Owing to the small scale of our experiment with the wedge being close to chamber center and the distance between the glint and chamber-center location being three centimeters, the wedge angle is artificially large. Any transverse offset of the target at the glint location will artificially alter the true glint return since the target will appear to be slightly higher or lower (Fig. 2 ). This will subsequently affect the vertical z-steering at chamber center and the resulting engagement will be poor. To correct for this artificial height difference, the target's transverse position at the glint return location is checked against a calibrated look-up table and the mirror steering is appropriately modified. In a real power plant, this will not be an issue since the standoff of the wedge from chamber center will be much longer.
III.B. Target Injection
In an IFE power plant, a target injection velocity of 50-100 m/s is desirable both to minimize target heating and to attain a rep-rate of 5-6 Hz. For our reduced-speed demonstration, we drop the targets from a 1.5-m tower to attain a consistent velocity of 5.5 m/s at chamber center.
The current method of target injection in air involves a vacuum chuck that holds the target to a hole in a round glass blank until the vacuum is released. This method allows for an unobstructed view of the target, which is necessary for Poisson spot tracking during its fall. The target's placement accuracy is ± 1.5 mm, which is comparable to that expected for a power plant injector.
With the path forward dedicated to operation in a vacuum, an alternate means of dropping the target was needed. One method tried with limited success involved the use of a camera-style shutter with five flexible blades that slide open with a solenoid. However, placement accuracy was poorer than the vacuum chuck and the closed shutter obstructed the view of the Poisson spot. A more precise design, which has been successful in other applications, was built. The "tri-dropper" consists of three solenoids that simultaneously retract three blocks mounted on precision linear slides. Three springs connect the blocks, on which a precision ball tip is mounted at 45 degrees, as shown in Figure 3 . The tri-dropper is designed to be essentially recoil-free, with minimal, but equal, friction resulting from the ball-bearing slides. This will ensure that the three ball tips release the target at the same time in a controlled, precise manner. The view through the mounted target is only slightly interrupted by the three tips, and will not substantially affect the Poisson spot. The tri-dropper will also allow for the dropping of lightweight targets in vacuum, and placement accuracy is expected to improve considerably. Thus far our tracking and engagement demonstration has used heavy stainless steel BBs dropping in air. Air turbulence and wake effects are quite substantial for lightweight targets. The vacuum chamber design, as shown below in Figure 4 , will allow the dropping and engagement of prototypic lightweight targets where wake effects will be minimal and target placement accuracy is expected to improve. The vacuum system consists of an upper dropping chamber housing the tri-dropper mechanism and target loader, two in-line crossing sensors, and a lower engagement chamber. Poisson, driver, and glint beams will be directed into and out of the chambers via mirrors and windows and not be substantial affected by the glass.
III.C. Crossing Sensors & Timing/Triggering System
The timing and triggering system consists of two crossing sensors and a combination of time-to-digital converters and digital delay generators running on a realtime operating system. Each crossing sensor incorporates a collimated LED and a 6x1 mm photodiode. As the target falls through the LED's beam, it casts a shadow on the photodiode, causing a drop in voltage and thus providing the time of crossing. The timing and triggering system then computes the target's instantaneous velocity between the two crossing sensors. From this, an anticipated time of arrival of the target is calculated onthe-fly for the glint laser location and for chamber center. The triggering system fires the glint laser and driver beam at the appropriate times, as well as triggers the verification camera. The timing and triggering system is able to report target placement repeatability of 35 mm (1s). This is sufficiently precise to trigger the glint laser since it must simply overfill the target. The resulting glint return then provides a more accurate (3.2 μm, 1s) target location.
III.D. Glint System
While the target is in flight, the Poisson spot tracking system provides pre-steering information to the steering mirror. This enables the mirror to direct the driver beam toward the anticipated target location at chamber center. The mirror's movements, nevertheless, rely upon an open-loop calibration curve that is still subject to some uncertainty due to structural and thermal vibration, beam wander, target buffeting, etc. In light of this, we have devised a method for closing the feedback loop immediately before chamber center with a "glint" system, which uses the target itself as the final reference point. 4 Hence, the transverse tracking system pre-steers the mirror as close as possible to the final location, while the glint system provides a final, fine-steering correction. In the ultra-fast scenario, there is no pre-steering of the mirror so the glint alone provides the sole and final steering correction.
For our demonstration, we are using a 35 mJ pulsed IR laser as the illumination source (Fig. 1) . The 1 cm beam overfills the target and the glint light is reflected uniformly over 4p steradians (and hence, to every beamline). The glint return reflects off the back surface of the wedged dichroic mirror and propagates back through the driver beam line. The wedge is designed in such a way that the small angle precisely compensates for the offset distance between the target at the glint location and at chamber center. The glint return signal, which is common path to the driver beam except for the fixed wedge, represents the target's location as if it were at chamber center (Fig. 1 ). The glint return is then directed through an optic train and focused onto the coincidence sensor, a position sensitive detector (PSD) or digital camera. The disparity between the glint return and the alignment beam centered on the PSD (see Sec. III.F. for details on the alignment beam) represents how far off the target will be from chamber center. From this signal, the driver beam is given a final steering input needed to intercept the target at chamber center. The pulsed driver beam is then sent out the same beam path, reflects off the front surface of the wedge, and engages the target.
III.D.1 PSD Used to Capture the Glint Return
We initially used a Noah (4mm x 4mm sensor) PSD as the coincidence sensor due to its speed, integrated circuitry, and simple analog output of the incident beam's centroid position. The fast 7 ns pulse of the glint laser produced sharply-peaked temporal voltage outputs whose peaks represented the x and z location of the glint return (Fig. 5) . Initial errors resulted from the non-deterministic method of reading the signals. The residence time of the light on the PSD was on the order of 100 μs before the signal tapered off, while the loop time of the LabView data acquisition system was 50 ± 20 μs. This resulted in inconsistent readings of the true signal. From here we implemented an analog average and hold circuit to average the PSD signals for 10 μs to reduce the noise and then hold those values for the data acquisition system to read. This helped ensure consistent reading of the PSD signal in the same manner and at the same time every shot. 
III.D.2 Camera Used to Capture the Glint Return
For some time we used the PSD and honed in on better and better engagement results by addressing other items until it became apparent that the PSD was the limiting factor in resolving the glint return. It had a slightly non-linear response near the edges of the sensor that accounted for a 19-μm error (1s). The peaked output signals due to the pulsed light input of the laser were also difficult and complicated to deal with. The specifications sheet of the PSD gives the position accuracy to be 50 μm. We were actually able to do better than this with our 4:1 setup (4x target movement to 1x movement on sensor). We also tried a 1:1 setup to use leveraging to our advantage and did realize some gain there (Fig. 9 in Sec. VI), but the PSD needed to be upgraded. High-end PSDs were only accurate down to 30 μm, so our focus turned to specifying a camera. A camera can be made fast enough, is linear over 100% of its sensor, can have sub-pixel centroiding resolution, and it's pixels are geometrically defined.
The camera chosen was a Basler piA640-210gm GigE camera with 7.4 μm square pixels and with the capability of being triggered, ability to specify and move a reduced area of interest (AOI), and having sufficient bandwidth to capture the glint return and send it to the host computer for processing in under 2 ms. In order for the camera to be fast enough, we employed the Poisson spot tracking system and the AOI capability of the camera. The Poisson spot system predicts where the glint return will impinge upon the camera's sensor, and then electronically moves the AOI to that location right before the glint laser fires. The prediction accuracy is adequate to capture the glint return in an 80x80 pixel box. The image is then sent through a gigabit ethernet network to the host computer where a simple centroid-processing algorithm calculates the centroid to less than 4 μm in about a millisecond. Therefore, the time from the glint laser firing to the mirror beginning to move to its commanded position is about 2.5-3 ms.
Another advantage to using a camera was that we could now look at the spatial profile of the glint return signal. By examining the spatial profile images, we found that the return imaged on the sensor was at an intermediate focal plane of the glint return, which was detrimental in properly imaging it and finding the true centroid. Initially we had purposely defocused the glint return image to mitigate saturation concerns on the PSD. However, as we later found, this resulted in an energybiased return whose energy centroid varied considerably and asymmetrically from shot to shot (Fig. 6 ). We spent a great deal of effort on cleaning up the image by employing aperturing and focusing techniques, while at the same time ensuring that the camera's sensor was not saturated. This helped to achieve a more consistent and symmetric glint return closer to the ideal Airy disk. We also verified that variations in the glint laser's spatial profile did not affect the variability of the glint return. With all improvements in place, the properly focused and apertured glint return is shown in Figure 6 (right side) and has a repeatability of 4 μm off a stationary target. The demonstrated application of the improved glint return is evident in the engagement results (Fig. 9 in Sec. VI), which shows the effect of the step-by-step improvements on the overall target engagement accuracy. . Initial glint return image on camera (left), some improvement (center), and properly imaged (right). Glint return diameter is ~100 μm.
III.E. Beam Steering
Since targets will vary in their placement accuracy at chamber center due to chamber gas and thermal effects, and the flight into the chamber may be up to 10 meters from the injector, the driver beams must be steered to engage the target. For this demonstration, we are using an Optics In Motion voice-coil-driven fast steering mirror (FSM) with a 1" mirror. The FSM actively steers the simulated driver beam to engage the target at chamber center within the 1-mm-cube injection accuracy box.
In the ultra-fast scenario, there is no pre-steering of the driver beam. Consequently, the glint will be used to make one, final steering correction in the last 1-2 ms before the driver beam fires. If the chamber gas pressure is less than 1 mTorr, the target is not expected to deviate more than the allowable engagement accuracy in the last few milliseconds.
For our demonstration, we have been utilizing the pre-steering capability provided by the Poisson spot system (Sec. III.A.1). As previously noted, this eases the final steering requirement of the mirror substantially. By providing the steering information to the mirror in 2-3 ms after the glint laser fires, the mirror is able to consistently steer the final 50-150 μm (in target space) in 2-3 ms and settle before the drive beam fires.
Further improvements will include cleaning up the electrical noise of the mirror steering system to improve the mirror's pointing stability.
III.F. Simulated Driver Beam
The simulated IFE driver beam consists of a lowpower modulated diode laser (635 nm) with a Gaussian beam profile that propagates through an identical beam path in two modes. The first mode is a continuous alignment mode in which the beam is actively steered by the mirror to keep it locked on to the coincidence sensor (GigE camera). This maintains the beam pointing to chamber center and removes any thermal or mechanical drift center during the dropping of the target. The second mode simulates the laser driver pulse, in which the diode laser is modulated for 2 m s to engage the target at chamber center at the appropriate time as computed by the timing and triggering system. The alignment/driver beam (all emitted by the same laser and common path) passes through a spatial filter and collimating lens to bring it slightly larger than the diameter of the 4mm target at chamber center (Fig. 1) . The beam symmetrically overfills by the target if it is precisely engaged (Fig. 7) .
III.G. Target Engagement Verification System
For our hit-on-the-fly demonstration, we cannot use the evidence of a thermo-nuclear explosion to rate engagement success, so an alternate means for verifying accurate target engagement is needed. Initially the driver beam was divided into four beamlets slightly larger than the target on their diagonal. However, this was modified to the current setup due to the inaccuracies of the target eclipsing the beamlets non-linearly and skewing the beamlets rather than eclipsing them.
The current engagement verification system consists of a triggerable Basler CCD camera that looks directly at the driver beam and takes a 2 μs snapshot simultaneously with the driver beam modulation (Fig. 1) . The short duration of the shutter minimizes the blur of pixels on the camera as the target passes. The image is then postprocessed by an algorithm in LabView to define the edges of the shadow created by the target in the beam. By comparing the concentricity of the two edges, we can verify engagement with an accuracy of 7 μm. shown in Figure 8 below. The real-time timing and triggering system computes the target's instantaneous velocity as it passes the crossing sensors, then uses that to compute the triggering times of various components. The real-time Poisson spot tracking computer is solely dedicated to processing streaming images from the tracking camera. The LabView host computer is responsible for a variety of data input/output tasks, network communication with the glint camera and Poisson spot computer, and making steering mirror calculations based on these inputs. The lower table in Figure 8 gives a breakdown of the timing sequence. 
V. IDENTIFICATION AND REDUCTION OF ERRORS
Our initial effort on the tracking and engagement demonstration focused on system integration and operation. As we delved deeper into the experiment desiring better engagement results, we realized that a more sophisticated control was needed to realize our 20-μm goal. A systematic approach was used to identify and understand all sources of errors and uncertainties with the various systems. This includes environmental errors such as air and density fluctuations, sensor resolution, nonlinearities and noise, target sphericity and surface quality, optical component alignment, software algorithm robustness and repeatability, calibration curve nonlinearities, and laser temporal and spatial variances. Table 1 is compiled showing known individual errors, as discussed in Section III.D.2, that directly contribute to the overall target engagement error. All errors have been converted to the target space, thus taking into account optical magnifications and varied coordinate systems of the different components. The errors in parentheses do not directly contribute to the x, z engagement error and there is no y-error due to the axial nature of light propagating into the wedge. The light gray boxes are the sum of the squares of the individual errors above, while the dark gray boxes are observed RMS errors from hit-on-the-fly engagements. The sum of the squares of the x-error correlates well to the observed engagement error, but the z-error does not. Although the individual timing prediction error is fairly large, the glint return off the target "resets" the vertical error so the mirror's z-steering is based off the glint return and not the timing prediction.
VI. CURRENT ENGAGEMENT RESULTS
The target tracking and engagement demonstration is well under way and consistently improving overall engagement with step-wise improvements (Fig. 9) . Two tracking and engagement scenarios have evolved and their operational feasibilities have been tested and compared, with pre-steering being the more desirable option. Improvements have been realized with careful step-wise considerations of all error sources. These efforts have yielded a best engagement so far of 42 μm RSM for hiton-the-fly targets. The experiment is on the verge of demonstrating the anticipated accuracy requirement of a laser fusion facility. Although the demonstration is working at reduced speeds and path lengths, the success With the full implementation of the camera and vacuum system and more precise mirror steering and vertical timing, we can reasonably expect to attain our 20-μm accuracy goal of hit-on-the-fly target engagement.
